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ABSTRACT 

Launch v e h i c l e  second o p p o r t u n i t y  t r a n s l u n a r  i n j e c -  
t i o n  p r o p e l l a n t  costs f o r  a s p e c i f i e d  launch  azimuth are pa ra -  
m e t r i c a l l y  examined as a f u n c t i o n  of l u n a r  t i m e  of a r r i v a l .  
For a g iven  launch  azimuth and a r r i v a l  t i m e  t h e  r e q u i r e d  p l a n e  
change d u r i n g  t r a n s l u n a r  i n j e c t i o n  i s  un ique ly  de t e rmined .  I t  
i s  shown t h a t  t h e  b e h a v i o r  of t h e  r e q u i r e d  S- IVB p r o p e l l a n t  i s  
s t r o n g l y  a f f e c t e d  by t h e  t r a n s l u n a r  d i h e d r a l  a n g l e .  For t h e  
r e l a t i v e l y  low d i h e d r a l  ang le s  a s s o c i a t e d  w i t h  t h e  J-1 Hadley 
m i s s i o n  it was found t h a t  the u s e  of  a c o p l a n a r  T L I  for t h e  
second i n j e c t i o n  o p p o r t u n i t y  does n o t  r e s u l t  i n  t h e  m i n i m u m  
S - I V B  p r o p e l l a n t  requi rements  i n  a l l  cases. I n  p a r t i c u l a r  for  
t h e  J u l y ,  1 9 7 1  o p p o r t u n i t y  t h e  p l a n e  change r e q u i r e d  f o r  t h e  
optimum second o p p o r t u n i t y  T L I  is approximate ly  0 . 5  deg ree  f o r  
a launch  azimuth of 72 degrees  and approximate ly  1 . 7  d e g r e e s  
for  launch  azimuths of 84 and 96 degrees. 
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I n t r o d u c t i o n  

The launch  and i n j e c t i o n  p o l i c y  f o r  Apol lo  m i s s i o n s  i s  
such  t h a t  a p l a n e  change for a f i r s t  o p p o r t u n i t y *  t r a n s l u n a r  i n -  
j e c t i o n  ( T L I )  from e a r t h  p a r k i n g  o r b i t  (EPO)  w i l l  n o t  b e  r e q u i r e d .  
I n  t h e  e v e n t  t h a t  a f i r s t  o p p o r t u n i t y  T L I  c a n n o t  occur, a second 
i n j e c t i o n  o p p o r t u n i t y  i s  a v a i l a b l e  on t h e  n e x t  o r b i t a l  r e v o l u t i o n ,  
approx ima te ly  90  minu te s  l a t e r .  
m a i n t a i n e d  a c o n s t a n t  t r a n s l u n a r  f l i g h t  t i m e  ( n e a r l y  c o n s t a n t  
ene rgy)  f o r  second o p p o r t u n i t y  i n j e c t i o n s .  T h i s  p o l i c y  r e q u i r e d  
a p l a n e  change a t  second o p p o r t u n i t y  T L I  t o  r e a c h  t h e  d e s i r e d  
l a n d i n g  s i t e .  
j e c t o r i e s  w i t h  c o n s t a n t  p e r i l u n e  a l t i t u d e ,  a common t r a n s l u n a r  
and e a r t h  p a r k i n g  o r b i t  p l a n e  i s  n o t  p o s s i b l e  f o r  t h e  second 
i n j e c t i o n  o p p o r t u n i t y .  A common t r a n s l u n a r  p l a n e  cou ld  be  used  
w i t h  t h e  h y b r i d  p r o f i l e  by changing t h e  p e r i l u n e  a l t i t u d e  f o r  
f i r s t  and second o p p o r t u n i t y .  
does  n o t  have t h i s  r e s t r i c t i o n  s i n c e  t h e  t r a j e c t o r y  i s  non- f r ee  
from T L I  and t h e  t r a n s l u n a r  energy  may be i n d e p e n d e n t l y  s p e c i f i e d  
w i t h i n  t h e  DPS a b o r t  c o n s t r a i n t .  T h i s  s t u d y  c o n s i d e r s  t h e  e f f e c t  
of v a r y i n g  t h e  t r a n s l u n a r  energy f o r  t h e  second o p p o r t u n i t y  i n j e c -  
t i o n  on S - I V B  p r o p e l l a n t  r equ i r emen t s  and L O 1  AV. The r e s u l t s  of  
t h e  s t u d y  are u s e f u l  i n  t h e  s e l e c t i o n  of  t a r g e t i n g  p a r a m e t e r s  f o r  
second o p p o r t u n i t y  i n j e c t i o n s .  

P r e v i o u s  t a r g e t i n g  p o l i c y  h a s  

Due t o  t h e  energy r e s t r i c t i o n  f o r  f r e e  r e t u r n  t r a -  

The r e l a x e d  f r e e  r e t u r n  p r o f i l e  

Method 
P r e c i s i o n  i n t e g r a t e d ,  f i r s t  o p p o r t u n i t y  i n j e c t i o n  t ra-  

j e c t o r i e s  w e r e  g e n e r a t e d  fo r  m i s s i o n s  t o  Hadley w i t h  l aunch  dates 
7/26/71 and 8/24/71. 
W e r e  i n v e s t i g a t e d  f o r  t h e  J u l y  l aunch  date and a 72  d e g r e e  a z i -  
muth w a s  i n v e s t i g a t e d  fo r  t h e  August o p p o r t u n i t y .  Launch v e h i c l e  
per formance  w a s  s i m u l a t e d  u s i n g  t h e  data  of Reference  1. The i m -  
p o r t a n t  t r a j e c t o r y  pa rame te r s  f o r  t h e s e  m i s s i o n s  and f i r s t  i n j e c -  
t i o n  o p p o r t u n i t y  data  are p r e s e n t e d  i n  Tab le  1. Values of  a c t u a l  
S-IVB p r o p e l l a n t  may d i f f e r  from t h a t  o f  Reference  
t i o n s  of  t h e  launch  v e h i c l e  s i m u l a t i o n  employed. However, var ia -  
t i o n s  i n  S - I V B  p r o p e l l a n t  consumption f o r  changes i n  t a r g e t i n g  p a r a -  
meters are a c c u r a t e .  Using t h e  f i r s t  o p p o r t u n i t y  l aunch  d a t e  and 

Launch az imuths  o f  7 2 ,  84 and 96 degrees 

1 due t o  l i m i t a -  

*A f i r s t  o p p o r t u n i t y  i n j e c t i o n  o c c u r s  d u r i n g  t h e  second 
r e v o l u t i o n  i n  EPO. 
t h e  t h i r d  r e v o l u t i o n .  

A second o p p o r t u n i t y  i n j e c t i o n  o c c u r s  d u r i n g  
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t i m e  o b t a i n e d  from t h e s e  t r a j e c t o r i e s ,  second o p p o r t u n i t y  i n j e c -  
t i o n  p r e c i s i o n  t r a j e c t o r i e s  were g e n e r a t e d  f o r  v a r y i n g  v a l u e s  
of t r a n s l u n a r  ene rgy  or e q u i v a l e n t l y  d i f f e r i n g  t i m e s  of l u n a r  
a r r i v a l  (LO1 i g n i t i o n ) .  F o r  t h e  second o p p o r t u n i t y  t ra jec tor ies ,  
t h e  approach azimuth t o  t h e  l a n d i n g  s i t e  w a s  m a i n t a i n e d  a t  t h e  
same v a l u e  as f o r  t h e  f i r s t  i n j e c t i o n  o p p o r t u n i t y .  

R e s u l t s  

F i g u r e s  1 - 4  p r e s e n t  t h e  r e q u i r e d  S - I V B  p r o p e l l a n t  f o r  
t h e  second o p p o r t u n i t y  i n j e c t i o n  b u r n  r e l a t i v e  t o  t h e  p r o p e l l a n t  
r e q u i r e d  f o r  t h e  f i r s t  o p p o r t u n i t y  i n j e c t i o n  and t h e  i n j e c t i o n  
p l a n e  change as a f u n c t i o n  of l u n a r  t i m e  o f  a r r i v a l .  A l s o  p r e -  
s e n t e d  i n  t h e  f i g u r e s  a re  t h e  nominal  t i m e  o f  l u n a r  a r r i v a l  
( f i r s t  o p p o r t u n i t y  i n j e c t i o n )  and t h e  t i m e  o f  a r r i v a l  t h a t  re- 
s u l t s  when the  t r a n s l u n a r  f l i g h t  t i m e  i s  m a i n t a i n e d  c o n s t a n t  f o r  
b o t h  i n j e c t i o n  o p p o r t u n i t i e s .  

Examinat ion o f  F i g u r e s  1 - 4  i n d i c a t e s  t h a t  t h e  behavior 
of t h e  S - I V B  p r o p e l l a n t  curves  as a fmctior,  of t i m e  of a r r i v a l  
i s  s t r o n g l y  dependent  upon t h e  t r a n s l u n a r  d i h e d r a l  a n g l e . *  When 
t h i s  a n g l e  i s  r e l a t i v e l y  h igh  as f o r  t h e  August  o p p o r t u n i t y  (see 
T a b l e  I ) * *  t h e  s l o p e  of t h e  p l a n e  change c u r v e  ( F i g u r e  4 )  i s  h i g h  
and t h e  p l a n e  change dominates  t h e  b e h a v i o r  o f  t h e  r e q u i r e d  S-IVB 
p r o p e l l a n t .  Thus,  i n  t h i s  c a s e  t h e  r e q u i r e d  S-IVB p r o p e l l a n t  i s  
minimized f o r  z e r o  TLI  p l a n e  change which o c c u r s  when t h e  t i m e  
o f  l u n a r  a r r i v a l  i s  approx ima te ly  1 .5  h o u r s  ear l ie r  t h a n  t h a t  f o r  
t h e  f i r s t  o p p o r t u n i t y  i n j e c t i o n .  A s  t h e  d i h e d r a l  a n g l e  d e c r e a s e s  
( J u l y  l aunch ,  7 2 O  l aunch  azimuth)  t he  S-IVB p r o p e l l a n t  i s  mini -  

m i z e d  a t  a t i m e  of a r r i v a l  l a t e r  t h a n  t h a t  co r re spond ing  t o  z e r o  
T L I  p l a n e  change.  T h i s  i n d i c a t e s  t h a t  t h e  e f f e c t s  on S - I V B  p ro -  
p e l l a n t  due t o  p l a n e  change and ene rgy  change ( l o n g e r  f l i g h t  
t i m e s )  are comparable .  The s e n s i t i v i t y  of  t h e  r e q u i r e d  p r o p e l -  
l a n t  t o  t i m e  o f  a r r i v a l  a l so  d e c r e a s e s  due t o  t h e  l e s s e n e d  e f f e c t  
( l o w e r  s l o p e )  of t h e  T L I  p l a n e  change c u r v e .  

For s t i l l  lower  v a l u e s  of  d i h e d r a l  a n g l e  such  as t h o s e  
o c c u r r i n g  f o r  t h e  J u l y  o p p o r t u n i t y  w i t h  l aunch  az imuths  o f  84 and 
9 6  degrees t h e  s e n s i t i v i t y  of r e q u i r e d  S-IVB p r o p e l l a n t  t o  t i m e  
of l u n a r  a r r i v a l  decreases f u r t h e r  and t h e  minimum v a l u e  s h i f t s  
s t i l l  l a t e r  t o  t h e  t i m e  of a r r i v a l  c o r r e s p o n d i n g  t o  c o n s t a n t  t r a n s -  
l u n a r  f l i g h t  t i m e .  

*Angle between t h e  t r a n s l u n a r  t r a j e c t o r y  p l a n e  and t h e  
Earth-Moon P l a n e .  

**The v a l u e s  of d i h e d r a l  a n g l e  f o r  t h e  second o p p o r t u n i t y  
i n j e c t i o n s  are close t o  t h o s e  f o r  t h e  f i r s t  o p p o r t u n i t y .  The 
r e l a t ive  magnitude of t h e  d ihedra l  a n g l e  f o r  t h e  Hadley m i s s i o n s  
w i t h  r e s p e c t  t o  a l l  v a l u e s  d u r i n g  t h e  l u n a r  c y c l e  i s  i l l u s t r a t e d  
i n  F i g u r e  A-1 .  L o c a t i o n s  a long  t h e  h o r i z o n t a l  a x i s  of F i g u r e  A - 1  
r e p r e s e n t  t h e  t i m e  of a r r iva l  a t  t h e  MSI c o n v e r t e d  t o  a day num- 
ber by means of T a b l e  A-1. 
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F i g u r e s  5-8 i l l u s t r a t e  t h e  LO1 AV, t r a n s l u n a r  i n j e c -  
t i o n  ene rgy  and t r a n s l u n a r  f l i g h t  t i m e  as a f u n c t i o n  of  l u n a r  
t i m e  of a r r i v a l  f o r  t h e  second o p p o r t u n i t y  i n j e c t i o n s  of 
F i g u r e s  1 - 4 .  For  t h e  J u l y  launch  ( F i g u r e s  5-7) t h e  L O 1  AV 
d e c r e a s e s  w i t h  i n c r e a s i n g  l u n a r  t i m e  o f  a r r i v a l  or d e c r e a s i n g  
t r a n s l u n a r  ene rgy .  T h e r e f o r e ,  a t r a d e o f f  between S- IVB pro-  
p e l l a n t  and LO1 AV may be  made. L O 1  AV f o r  t h e  f i r s t  oppor- 
t u n i t y  i n j e c t i o n s  i s  p r e s e n t e d  i n  Table I .  For  t h e  August 
l aunch  ( F i g u r e  8)  t h e  LO1 AV h a s  a minimum a t  approx ima te ly  t h e  
same t i m e  o f  a r r i v a l  t h a t  minimizes  t h e  S - I V B  p r o p e l l a n t .  T h i s  
minimum i n  LO1 AV is  due t o  an  i n c r e a s i n g  LO1 p l a n e  change AV 
r e q u i r e m e n t  as t i m e  o f  a r r i v a l  i n c r e a s e s ,  w h i l e  t h e  AV r e q u i r e -  
ment f o r  ene rgy  change d e c r e a s e s .  For t h e  J u l y  launch  oppor-  
t u n i t i e s  b o t h  energy  and p l a n e  change AV r e q u i r e m e n t s  f o r  LO1 
decrease w i t h  i n c r e a s i n g  t i m e  o f  a r r i v a l .  

Conc lus ions  

The s e n s i t i v i t y  of r e q u i r e d  second o p p o r t u n i t y  i n j e c -  
t i o n  S-IVJ3 p r o p e l l a n t  t o  l u n a r  t i m e  of a r r i v a l ,  as w e l l  as t h e  
magnitude o f  t h e  TLI  p l a n e  change co r re spond ing  t o  t h e  minimum 
r e q u i r e d  S- IVB p r o p e l l a n t ,  are s t r o n g l y  a f f e c t e d  by t h e  m i s s i o n  
t r a n s l u n a r  d i h e d r a l  a n g l e .  F o r  t h e  low d i h e d r a l  a n g l e s  associ- 
a ted w i t h  t h e  J u l y  1971  Hadley m i s s i o n  t h e  s e n s i t i v i t y  of  S-IVB 
p r o p e l l a n t  t o  l u n a r  t i m e  o f  a r r i v a l  i s  r e l a t i v e l y  l o w  and a 
c o p l a n a r  TLI  does  n o t  minimize t h e  r e q u i r e d  S- IVB p r o p e l l a n t .  
I n  a d d i t i o n ,  t h e  p l a n e  change a s s o c i a t e d  w i t h  t h e  optimum TLI  
v a r i e s  w i t h  launch  az imuth .  T h i s  i s  a d i r e c t  r e s u l t  o f  t h e  
change i n  d i h e d r a l  a n g l e  due t o  launch  az imuth  v a r i a t i o n s .  

Lunar t i m e  o f  a r r i v a l  f o r  t h e  optimum T L I  can  b e  
ea r l i e r  o r  l a t e r  t h a n  t h e  f i r s t  o p p o r t u n i t y  a r r i v a l  t i m e .  For  
t h e  J u l y  o p p o r t u n i t y  a t  7 2 O  l aunch  azimuth t h e  optimum second 
o p p o r t u n i t y  TLI  a r r i v a l  t i m e  i s  approx ima te ly  2 h o u r s  ear l ier  
t h a n  t h e  f i r s t  o p p o r t u n i t y  a r r i v a l  t i m e .  For  an  84' l aunch  
az imuth  t h e  optimum i n j e c t i o n  r e s u l t s  i n  a n e a r l y  two-hour l a t e r  
a r r i v a l .  

2013-RJS-slr R.  J. S t e r n  

At tachments  

Refe rence  1: Memorandum S&E-AERO-MFT-76-70, S a t u r n  V Performance 
S tudy  f o r  AS 511-515, Boeing Company, June  2 ,  1970. 
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Day 
of 

month 

i 
2 
3 
4 
5 

6 
7 
8 
9 
10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 
31 

TABLE A-1 NUMBERS CORRESPONDING TO DAY 
OF THE YEAR AFTER JANUARY 0 

(NONLEAP YEARS) 

Jan 

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 
31 - 

Feb. 

32 
33 
34 
35 
36 

37 
38 
39 
40 
41 

42 
43 
44 
45 
46 

47 
48 
49 
50 
51 

52 
53 
54 
55 
56 

57 
58 
69 

- 

Mar. 

60 
61 
62 
63 
64 

65 
66 
67 
68 
69 

70 
71 
72 
73 
74 

75 
76 
77 
78 
79 

80 
81 
82 
83 
84 

85 
86 
87 
88 
89 
90 - 

4pr. 

91 
92 
93 
94 
95 

96 
97 
98 
99 
100 

101 
102 
103 
104 
105 

106 
107 
108 
109 
110 

111 
112 
113 
114 
115 

116 
117 
118 
119 
120 

- 

121 
122 
123 
124 
125 

126 
127 
128 
129 
130 

13 1 
132 
133 
134 
135 

136 
137 
138 
139 
140 

14 1 
142 
143 
144 
145 

146 
14 7 
14 8 
149 
150 
15 1 - 

Day of year  

June 

152 
153 
154 
155 
156 

157 
158 
159 
160 
161 

162 
163 
164 
165 
166 

167 
168 
169 
170 
171 

172 
173 
174 
175 
176 

177 
178 
179 
180 
181 

- 

- 

July 

182 
183 
184 
185 
186 

187 
188 
189 
190 
191 

192 
193 
194 
195 
196 

197 
198 
199 
200 
201 

202 
203 
204 
205 
206 

207 
208 
209 
210 
211 
212 - 

Aug. 

2 13 
2 14 
215 
216 
2 17 

218 
219 
220 
221 
222 

223 
224 
2 25 
226 
227 

228 
229 
230 
23 1 
232 

233 
234 
235 
23 6 
237 

238 
239 
240 
24 1 
242 
243 - 

3ept. 

244 
245 
246 
247 
248 

249 
250 
251 
2 52 
253 

254 
255 
256 
257 
258 

259 
260 
261 
262 
263 

2 64 
265 
266 
267 
268 

269 
270 
271 
272 
273 

- 

Oct. 

274 
275 
276 
277 
278 

279 
2 80 
281 
2 82 
2 83 

2 84 
2 85 
2 86 
2 87 
288 

289 
290 
291 
292 
293 

2 94 
295 
296 
297 
298 

299 
300 
301 
302 
303 
304 - 

vov. 

305 
306 
307 
308 
309 

3 10 
311 
3 12 
3 13 
3 14 

315 
316 
3 17 
318 
319 

320 
321 
322 
323 
3 24 

325 
326 
327 
328 
329 

330 
331 
332 
333 
334 

- 

Dee. 

335 
336 
337 
33 8 
339 

340 
34 1 
342 
343 
344 

345 
346 
347 
348 
349 

3 50 
351 
3 52 
353 
3 54 

355 
356 
357 
358 
359 

3 60 
361 
362 
363 
3 64 
365 - 



DAY of THE YEAR 

J U L Y  LAUNCH ('72n A Z )  

DAY Cf TM 

AUGUST LAUNCH 
('72' A Z )  

0 
DAY of TM YEAR 

FIGURE A- 1. TRANSLUNAR DIHEDRAL ANGLES 
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